Abstract-This paper presents a planning framework to investigate the impact of different levels of integration of large-scale energy storage on the development plan of a meshed HVDC grid in a power system with large-scale offshore wind. In our problem formulation, the charge/discharge schedules of energy storage are modeled in such a way that market conditions in the succeeding hours are taken into account in the power dispatch at present. Both unlimited and limited energy storage capacity scenarios are considered, and compared to a no-storage reference case. The optimal plan includes grid topology, transmission capacities, energy storage capacities and optimal energy storage schedules. The optimization model sets the transmission capacities in such a way that transmission congestion revenue collected throughout the lifetime of the infrastructure pays off the investment cost of building the grid. The proposed model is applied to study the future development of an offshore grid in the North Sea. Simulation results are assessed according to various economic indicators. Investing in energy storage is shown to be economically effective for windy offshore regions.
I. INTRODUCTION
In recent years there is a trend towards large scale integration of offshore wind energy into the European power system. The total installed capacity of offshore wind installations in Europe is expected to amount to 40 GW by 2020 and might go as high as 150 GW by 2030 [1] , [2] . In the North Sea region, offshore wind plays a crucial role in the European long-term energy transition plans due to abundant resource availability and lower environmental impact.
Large-scale integration of offshore wind into power systems introduces new challenges to the system planning and operation. First, renewable energy sources are often located remotely from the load centers. Hence, new transmission infrastructure is required to transfer power from the offshore wind farms to the onshore load centers. Second, the power output of wind farms is volatile as it is highly dependent on meteorological conditions. In order to reduce the impact of wind variability and its associated risks, several solutions are proposed in [3] . One possible solution on the transmission side is to extend the geographical distribution of the power system by building new transmission interconnectors between neighboring control areas. Then the power deficiency in one region could be compensated by surplus of another. The second option is to improve the flexibility of the power system by combining offshore wind power producers with large scale energy storage installations [4] . However, all the proposed solutions require massive investments. Therefore, it is important to determine the development plan of offshore infrastructure in the most economically efficient way, avoiding over-or under-investments.
Several studies investigated the problem of Long-Term Transmission Planning (LTTP) in the North Sea region [5] - [8] . In a market based environment, there are various stakeholders that are involved in decision-making (i.e. producers, consumers, investors), each with different goals [9] [10] . Authors in [11] , [12] , [13] seek to maximize the social welfare of all regions in a power system to account for the needs of different parties involved. A similar objective is the starting point of this work.
Energy storage systems are shown to contribute in smoothing the power output variations and increasing the value of wind power [14] . The optimal sizing, operation and management of energy storage systems as a price taker in a marketbased environment is studied in [15] and [16] . It is proposed as an alternative to transmission investment in [17] , [18] . It is proven that locating energy storage together with the wind farm increases transmission utilization and decreases the associated investment cost. On the transmission side, investors seek to build new interconnectors where there is a large price difference. None of the studies outlined above have investigated the impact of large-scale integration of energy storage on the market operation, resulting energy prices, and the final grid development plan. This paper presents an optimization framework that cooptimizes the grid design and the energy storage capacity during the planning process. The optimal solution includes grid topology, transmission capacities, energy storage capacities and optimal power flows. The proposed framework accounts for inter-dependencies that exist between different levels of energy storage integration, market operation and an optimal grid design. The remainder of this work is organized as follows: Section II presents our methodology. Section III presents the numerical results. Section V summarizes the main features of the model and gives conclusion to the work.
II. METHODOLOGY
Energy storage contributes in improving the incremental social welfare of onshore regions by increasing the amount of wind power that can be dispatched into the grid. Our previous work [13] introduced an optimization framework that 978-1-4799-5904-4/14/$31.00 ©2014 IEEE determines an optimal design for a HVDC multi-terminal grid, using a new, linearly approximated DC power flow. Here we improve the framework to account for energy storage. We define a mathematical model for energy storage operation in a market-based environment. We examine the impact of integrating different levels of energy storage on optimal grid design, power flows, social welfare distribution and electricity price of different regions.
A. Assumptions
For the purpose of this study, we define three groups of price zones: onshore zones, offshore wind farms and offshore energy storage zones. We take a zonal market approach, meaning that each price zone is considered a copper-plate, so no intrazonal congestion is considered. The aggregated supply and demand bidding curves of each onshore zone are considered linear functions of power generation and consumption of that zone, respectively. The unit cost of building the transmission infrastructure is fixed, and is a function of the length and capacity of the interconnector. All offshore infrastructures are built in one step. Every offshore wind farm is co-located with an energy storage unit and is connected to it via an unconstrained cable. Energy storage systems are modeled as not-for-profit units. Their investment and operational costs are not taken into account. No technical constraints associated with the physical properties of the different storage systems are considered; except power and energy rating of the energy storage units.
B. Incremental Social Cost Curve
Consider a power system with n(Z) zones, where Z = Z on ∪ Z of f ∪ Z es is the set of all price zones, and Z on and Z of f and Z es are the set of the onshore zones, offshore wind farms, and energy storage zones, respectively. Assume the study period is divided into T operating hours (indexed by t ∈ {1, 2, ..., T }). The contribution of each zone to the power flows in the rest of the system is captured by the net power injection of the zone
It nets out the effect of all generation and consumption units in the zone , and is positive if the zone is net power exporter. We define the incremental social welfare (SW t i ) of zone i during operating state t as the benefit of consumption B(P t Di ) minus cost of generation G(P t Gi ). The incremental social cost C t i of zone i equals incremental social welfare with an opposite sign, and is shown to be a quadratic function of the net power injection of the zone [12] . That is:
where a t i and b t i are the cost curve coefficients and determined empirically as explained in [13] . The short-term marginal price of zone i during operating state t reads as:
Offshore wind farms are net power producers. The shortterm marginal cost of generation of offshore wind farms is assumed to be zero. This implies that the social cost curve of offshore wind farms is always zero (a
Energy storage units function either as a net consumer or a net producer, depending on their charge/discharge mode. We define the short-term marginal price of all offshore energy storage zones to be zero at all times. It promotes the storage units to charge only when there is a power excess in their associated offshore wind farms. And discharge when there is high demand at onshore zones if there is adequate transmission capacity between the offshore zone and the neighboring onshore zone. Therefore, the incremental social cost of the energy storage zones is zero at all times:
The amount of energy charged or discharged by the storage unit during every hour is
where P t i is the power injection of the storage i into the rest of the system during hour t. The negative sign shows that during the discharge mode, the power injection of the storage is positive and hence the energy level declines.
The amount of energy stored at storage i at the end of each operating state reads as follows:
where SEC t i represents the Storage Energy Content at the end of hour t. The operational domain of the energy storage reads as:
where K S is the maximum energy capacity of the storage. The left-hand side of the inequality 4 is relevant during charging mode and the right-hand side during discharging mode. We assume that the storage capacity can be fully charged or discharged within one hour time interval.
C. Problem Formulation
The aggregated incremental social cost of all zones summed up over all operating hours (T ) is:
Our goal is to determine the most economically efficient design of a future offshore grid. The total investment cost of building this grid is:
where k b,cable,ij denotes the per unit per hour levelized investment cost of building interconnector i−j in A C/(M W ·km·hr) and L ij (km) denotes the distance between zones i and j. Every interconnector is composed of a number N ij of identical bipolar HVDC cables, each with a monopole capacity of
The formulation of transmission and energy storage planning problem reads as:
subject to
where u t i is the squared line-to-ground voltage of the DC converter station at zone i. Constraint (8) enforces the voltage limits. Total power transmitted over the interconnector (9) enforces the maximum flow over each cable. F t ij,cbl denotes the approximated power flow over every HVDC cable connecting zones i and j, and g ij is the single cable conductance. Constraint (10) defines the net power injection of zone i to be the sum of power flows over all interconnectors connected to this zone. Constraint (11) enforces the power limit for each zone and is substituted by (4) for the energy storage zones. Constraint (12) limits the storage energy content at time t to the maximum installed capacity (K S ). Constraint (13) enforces the N ij to be positive. This is a nonlinear, non-convex, continuous optimization problem. The problem can be solved by forming the Lagrangian and applying the Karush-Kuhn-Tucker (KKT) optimality conditions. Any set of independent variables (u By expanding the K.K.T. optimality conditions one obtains:
where (ρ (14 -16) states that the total nodal payments (14) equals total transmission revenues (15) equals total congestion revenues and the investment cost of building the grid (16) . The first three terms represent the pricing mechanism for a HVDC transmission network with large scale energy storage. Pricing mechanism is a formulation that expresses the relation between the amount of power to be exchanged, electricity prices in different zones and congestion revenues associated with congested interconnectors. The equalities (14 -16) prove that for an optimal design, congestion revenues to be collected throughout the lifetime of the infrastructure will pay off the initial investment cost of building the transmission infrastructure.
We define:
where α t i is the Lagrangian multiplier that takes a non-zero value when the upper bound of the power limit constraint (11) is active. π m i is the Lagrangian multiplier associated with the energy storage limit constraint (12) , and is non-zero when the upper limit of the energy storage is reached (i.e. storage is fully charged). The lower branch of equation (17) states that the nodal price of energy storage at hour t is a function of its power injection during the current hour and all subsequent hours.
III. NUMERICAL RESULTS
We choose three countries in the North Sea region: Germany (DE), Norway (NO) and the United Kingdom (UK). The total installed offshore wind capacity is estimated as 16.87 GW, 2.68 GW and 19.3 GW for DE, NO and UK, respectively. In this study we use hourly wind speed data obtained from a meso-scale model for a one year period 1 , and historical hourly market data available online for the 3 price zones, from April 2011 to March 2012. To keep the computation time feasible, one has to reduce the size of the initial input data set. It is a challenging task as the operation of the energy storage and the final grid design will be affected by the sequence of operating states chosen as representative. Therefore, the size reduction has to be carried out while the sequence of operating states are preserved. For our application, we limit the scope to a period of 48 consecutive hours. We recognize the fact that a period of 2 days is too short and does not represent the market and wind speed variations of one complete year. Nonetheless, the objective of this study is to investigate the sensitivity of the final grid design to the selection of the input data set. In this section we compare the output of the model determined for two different study periods. The study periods are selected based on wind speeds and inter-zonal market price differences.
A. Scenarios on Energy Storage Capacity
To investigate the impact of different levels of storage integration on grid development, we introduce the three following scenarios: 1) No Energy Storage (NES) which is the reference 
B. Assumptions
In 2011-2012 only a small portion of electrical energy transactions were being traded through power exchanges (42%, 73% and 10% for DE, NO and the UK, respectively) 2 . We assume that for our future scenario, the total energy volumes remain the same, but all the trades will be settled through power exchanges by the time the offshore grid becomes operational. Therefore, we scale down the value of the quadratic cost curves coefficient (a) in (1) with respect to the values obtained through the analysis of the 2011-2012 market data. The scaling is proportional to the share of transactions conducted through the power exchange of each onshore zone. All interconnectors are considered to use VSC-HVDC technology with rated voltage ± 500 kV and power rating of 1000 MW per pole per cable and a unit cost of k b,cable,ij = 0.0067 A C/(M W ·km·hr). The economic lifetime of the grid is assumed to be 25 years. The levelized unit cost of energy storage is considered as 0.1A C/(kW h · cycle) and each storage is assumed to operates 365 (cycle/yr) [19] . Figure 1 presents the schematic of the optimal grid design determined under the "Large Price Differences" study period. The optimal grid design is highly meshed under the three storage scenarios. In addition, the model managed to keep the level of wind curtailment at zero for all hours in the study period. Table I presents the transmission capacities under the three storage scenarios. Power importer countries (DE and the UK) build large radial connections (K1 and K3) to deliver the relatively cheap wind energy to their onshore consumers. On the other hand, the net power exporter country (NO), supplies its excess onshore energy through the radial connection K2 , first to its offshore zone, and then to the rest of the system. The cross-border interconnections (K4 to K8) create opportunities for the net power importer countries to benefit from the cheap energy produced by either Norway or the offshore wind farms.
C. Grid Design
Comparing the grid designs determined under the NES and UES scenarios, one observes an increase in the capacity of radial interconnections (K1 to K3) and a decrease in the capacity of the cross-border interconnections (K4 to K7). This alteration results in a decrease in the total investment cost of transmission infrastructure under the UES scenario (row 2 of Table V) . With storage, offshore wind farms are in less need of sending power to remote locations when there is an excess of production. Also, there is more power available to offer when there is excess of demand. As outlined above, storage participates in the market with zero marginal price. When there is a power surplus/deficit, energy storage can buy/sell power in the absence of any competitors. Under the UES scenario the optimization model takes the opportunity to increase the flexibility of offshore regions by constructing as large storage capacities as required (52.57 GW h, 4.52 GW h and 79.55 GW h for the storage systems of DE, NO and the UK, respectively). The outlined amendments increase the contribution of offshore wind energy in serving the demand of onshore regions, which leads to an increase in the aggregated social welfare (row 1 of Table V ) and a decrease in the average nodal prices of the importing onshore regions (Table II) .
Under the LES scenario, the expansion plan is very similar to NES scenario. However, as Table V shows, there is an increase in the aggregated incremental social welfare (11.86 − 11.82 = 0.04 BA C/yr) under LES scenario. The estimated total investment cost of energy storage under LES scenario (0.08 BA C/yr), is almost twice as much as the incremental social welfare increase. Therefore under the "Large Price Difference" period, integrating energy storage is not an economically efficient investment. Figure 2 shows the schematic of the optimal grid design for the "High Wind" study period. One observes that under all storage scenarios, the optimization model opts for radial connections from offshore wind farms towards their respective onshore zones. The radial grid topology implies that there is no incentive for the onshore zones to build cross-border transmission interconnectors. The motivation towards cross-border power exchange comes from the nodal price differences, which are not significant for this study period, selected based on wind abundance only. Table III presents the capacity of interconnectors determined under every scenario for the "High Wind" study period. Under the NES scenario, every radial interconnector has a capacity equal to the maximum power generation of the associated offshore wind zone, thus wind will not be curtailed at any time. In a similar way to the "Large Price Differences" study period, the capacity of radial interconnections increase as more energy storage is integrated into the grid. Integrating large storage capacities (56 GW h, 57.44 GW h and 134.5 GW h, for DE, NO and the UK respectively) leads to more efficient dispatch of offshore wind energy. Table IV presents the average nodal prices of the onshore regions before and after building the grid, which shows a clear decreasing trend in all nodal prices. The large power import under LES and UES scenarios induces an increase in incremental social welfare (row 4 of Table V) . Under the LES scenario, the social welfare increase (10.52-1.30 = 0.22 BA C/yr) is almost 2 times greater than the total investment cost of energy storage (0.08 BA C/yr, row 6 of Table V) . It shows that when wind is abundant, limited capacity of energy storage not only provides benefit for the society by contributing in social welfare increase, but also it is economically efficient. Table VI shows the standard deviation of the nodal price of every country under different scenarios, for the two periods. One can observe that under the presence of energy storage, nodal prices have lower fluctuations, a trend especially pronounced for the "High Wind" period, where the NES scenario exhibits high volatility. It implies that utilizing the grid with energy storage has a stabilizing effect on the electricity market prices. This well-known "smoothing effect" increases when increasing the capacity of storage units.
IV. DISCUSSION
Three scenarios on storage capacity were considered: the idealized scenario (UES), the realistic scenario (LES) and the reference scenario (NES). It is observed that under the UES scenario, the nodal price of the storage at each hour is affected by the marginal prices of that unit in the future. Under the LES scenario, the nodal price of energy storage at every hour depends on the penalty charge (Lagrangian multiplier) associated with reaching the maximum storage capacity as well as on the future marginal prices. One remarkable feature of the proposed approach is that it considers all operating states at once. Therefore, at every operating state, the model accounts for the impact of wind and market conditions of the successive operating states on power dispatch of the energy storage. On the down side, this formulation increases the computational complexity. To keep the computation time reasonable, we solve the problem for two different extreme operating conditions. The grid topology is observed to be highly sensitive to the input selection. Transmission capacities, on the other hand, are mainly affected by the level of storage capacity. We observed a trend towards constructing larger radial connections between each country and its respective offshore wind region as the level of energy storage integration increases. The cross-border connections, on the contrary, are weakened. Therefore, the availability of energy storage makes the power system of every zone less dependent on the neighboring zones.
V. CONCLUSIONS In this work we proposed a market-based optimization framework to investigate the influence of large-scale integration of energy storage on long-term transmission planning of HVDC offshore grid. The energy storage systems were modeled as not-for-profit entities and the investment and operational costs of storage were not considered in the optimization problem. The analytical solution to the optimization problem gives the pricing mechanism for a HVDC transmission network with large scale energy storage. The optimal expansion plan includes the optimal grid topology, transmission capacities and energy storage capacities for a given wind energy scenario.
Utilising the offshore wind farm in combination with a storage unit makes the operation of wind producers more flexible and stabilizes the market prices. Moreover, energy storage contributes to the social welfare increase. Complemented by the cost of energy storage systems, the results indicate that during the high wind period, social welfare increase is greater than the total investment cost of storage system. Therefore, investing in energy storage is economically justified for windy offshore regions.
The results of this paper may support transmission system planners, private investors and regulators. The proposed problem formulation provides economic insight over the operation of a multi-terminal HVDC offshore grid. It shows the strong interdependency that exists between grid design, energy storage capacity and market operation. ACKNOWLEDGMENT This work was funded by NWO, the Netherlands Organisation for Scientific Research.
